Correspondence rzoncu@berkeley.edu (R.Z.), jimhurley@berkeley.edu (J.H.H.) In Brief Su et al. report the crystal structure of Ragulator, a pentameric GEF for RagA, and the EM structure of its complex with the RagA/C dimer that activates mTORC1. HDX-MS shows that Ragulator modulates the RagA GTP binding site despite no contact with its GTPase domain.
INTRODUCTION
The mechanistic Target of Rapamycin Complex 1 (mTORC1) is a master growth regulator implicated in human diseases ranging from cancer to type 2 diabetes to neurodegeneration. In response to the combined action of nutrient, growth factor and energy inputs, mTORC1 drives mass accumulation, an obligate prerequisite for cell division, by upregulating multiple anabolic programs including protein, lipid, and nucleotide synthesis, while suppressing catabolic programs such as autophagy and lipid catabolism (Perera and Zoncu, 2016; Saxton and Sabatini, 2017) .
A key step in mTORC1 activation is its nutrient-driven recruitment to the surface of lysosomes, where the kinase activity of mTORC1 is unlocked. In mammalian cells, amino acids, along with glucose and cholesterol, trigger the lysosomal translocation of mTORC1 via a mechanism that requires the Ras-related, heterodimeric Rag guanosine triphosphatases (GTPases) and the pentameric Ragulator complex Castellano et al., 2017; Efeyan et al., 2013; Sancak et al., 2008 Sancak et al., , 2010 . The Rag GTPases, composed of RagA or RagB (which are functionally equivalent to each other) in complex with RagC or RagD (also functionally equivalent), are thought to directly bind to the Raptor subunit of mTORC1, anchoring it to the lysosomal membrane (Kim et al., 2008; Sancak et al., 2008 Sancak et al., , 2010 . Binding to Raptor requires RagA/B to be GTP loaded, while RagC/D must be GDP loaded. Nutrients are thought to induce the RagA/B GTP -RagC/D GDP active state via a series of dedicated sensors that, in turn, control GTPase Activating Proteins (GAPs) and guanine nucleotide exchange factors (GEFs) specific for either Rag component (Bar-Peled et al., 2012; Barad et al., 2015; Chantranupong et al., 2016; Saxton et al., 2016; Wolfson et al., 2016; Zoncu et al., 2011) . For example, the Gator1 complex has been shown to function as a GAP that promotes GTP hydrolysis by RagA/B, thus causing mTORC1 detachment from the lysosome when nutrient levels are low Panchaud et al., 2013) . Conversely, in high nutrients the RagC/D-specific GAP, Folliculin (FLCN)-FNIP, promotes switching of the Rag heterodimer to the mTORC1-binding configuration (Pé li-Gulli et al., 2015; Petit et al., 2013; Tsun et al., 2013) . Unlike other Ras-superfamily GTPases, the Rags lack any lipidation motifs and thus cannot directly bind to the lysosomal lipid bilayer. The Ragulator/Lamtor complex, composed of the p18, p14, MP1, c7orf59, and HBXIP (also known as Lamtor1-5, respectively, and referred to hereafter as such) provides an essential Rag-anchoring function via myristoylation and palmitoylation of the p18 subunit (Bar-Peled et al., 2012; Nada et al., 2009; Sancak et al., 2010; Teis et al., 2002) . The membrane anchoring function of Ragulator is underscored by the observation that, when any of its subunits is deleted, both the Rag GTPases and mTORC1 become constitutively inactivated in the cytoplasm (Sancak et al., 2010) .
Despite clear genetic and biochemical evidence that Ragulator and Rag GTPases form a two-tiered scaffolding complex for mTORC1, a structural understanding of the overall organization of the Ragulator-Rag assembly, and of the critical interfaces 1   61   121   5  10  15  20  25  30  35  40  45  50  55  60   65  70  75  80  85  90  95  100  105  110  115  120 < 10% < 20% < 30% < 40% < 50% < 60% < 70% < 80% < 90% > 90%
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(legend on next page) that mediate their interaction, is lacking. Thus, our understanding of how mTORC1 is captured to the lysosomal surface remains severely limited. Most of the current structural understanding of the Rag GTPases comes from studies in yeast. This organism possesses one RagA/B ortholog, Gtr1, and one RagC/D ortholog, Gtr2. Similar to the mammalian Rags, Gtr1 and Gtr2 localize to the vacuolar surface, dimerize with each other, and must be in the Gtr1 GTP -Gtr2 GDP state in order to activate TORC1 (Binda et al., 2009; Nicastro et al., 2017) . The 2.8 Å crystal structure of the Gtr1-Gtr2 heterodimer, loaded with non-hydrolyzable GMP-PNP, revealed a pseudo 2-fold symmetry in which the two GTPase domains face away from each other and do not directly interact. Dimerization of the two Rag components is provided by the C-terminal domains (CTDs), which have a roadblock fold consisting of a central five-stranded b sheet flanked by one a helix on the G-domain side and two a helices on the other (Gong et al., 2011) . Comparison of the Gtr1 GMPPNP -Gtr2 GMPPNP structure with a Gtr1 GMPPNP -Gtr2 GDP structure suggests that, upon GTP hydrolysis, the Gtr2 G-domain undergoes a 28 rotation relative to its CTD. This movement expands a common surface, contributed by the Gtr1 and Gtr2 G-domains, which may enable binding to the Raptor/Kog1 subunit of TORC1 (Gong et al., 2011; Jeong et al., 2012) .
Yeast also has a vacuole-associated Ego ternary complex (Ego-TC) that is thought to perform an equivalent function to mammalian Ragulator in anchoring the Gtrs to the vacuolar surface (Nicastro et al., 2017; Powis et al., 2015) . Within this complex, Ego1 is the lipidated subunit; Ego2 has a type 1 roadblock fold highly similar to that of Lamtor4 and Lamtor5, whereas Ego3 has a type 2 roadblock fold highly similar to that of Lamtor2 and Lamtor3, and distinguished from type 1 by the presence of an additional a helix. The crystal structure of the Lamtor2/3 subcomplex is highly similar to the Ego3 homodimer and revealed a near-symmetrical protein platform onto which additional interactions can be built (Kurzbauer et al., 2004; Lunin et al., 2004; Powis et al., 2015; Zhang et al., 2012) . However, how the Lamtor2-3 and Lamtor4-5 dimers are brought together, and whether p18/Lamtor1 contributes to their overall stabilization, is unclear.
It has been proposed that the Rag GTPases interact with Ragulator via binding of their roadblock-folded CTDs to two or more Ragulator subunits. However, the exact subunit composition of the Ragulator-Rag binding interface remains unknown. It is also unclear whether this interface is inherently static or whether factors such as nucleotides, post-translational modifications, or interacting proteins can affect its stability in order to modulate the amount of mTORC1 that can access the lysosomal surface.
In addition to its Rag-scaffolding role, Ragulator has been proposed to function as a GEF that promotes GTP loading of RagA/B and thus contributes to switching the Rags to the active state under high nutrients (Bar-Peled et al., 2012) . The GEF function of Ragulator seems to be specific to RagA/B, requires all five subunits, and may be triggered by amino acid signaling through lysosomal membrane proteins, SLC38A9 and vacuolar H + ATPase (v-ATPase) Zoncu et al., 2011) . Due to the lack of a structural view of the entire Ragulator-Rag GTPase complex, it is unclear which subunits of Ragulator participate in the GEF activity and whether the involved mechanism bears resemblance to how other Ras superfamily GTPases interact with their respective exchange factors. Moreover, whether the scaffolding and GEF activities of Ragulator are separable or intrinsically linked is unknown.
Crystallization of the entire Ragulator-Rag GTPase assembly has so far proven elusive. To shed light into its overall organization and regulatory functions, we obtained an atomic resolution (1.43 Å ) crystal structure of Ragulator and fitted it within a lowresolution (16.2 Å ) electron microscopy (EM) map of the Ragulator-Rag supercomplex. Combining homology modeling and protein-mapping methods, we obtain a model that reveals stacking of the two Rag CTDs onto Lamtor2/3 as the primary interacting surface. Moreover, we find that, unlike classical Ras GEFs, the ordered core Ragulator does not directly contact the Rag G-domains. Instead, the N-terminal intrinsically disordered region (IDR) of Lamtor1 appears to engage with the Rag dimer in an unusual variation on GEF mechanism.
RESULTS

Mapping and Expression of the Ragulator Core
Full-length human Ragulator subunits Lamtor1-5 ( Figure 1A ) were co-expressed in insect cells and purified ( Figure 1B) . In order to differentiate folded and IDR regions of the subunits, the complex was subjected to hydrogen-deuterium exchange mass spectrometry (HDX-MS) (Chalmers et al., 2011; Engen, 2009; Englander, 2006) for 10 s, 1 min, and 5 min. Excellent peptide coverage was obtained with the sole exception of Lamtor2 ( Figure 1C ), and consistent patterns were seen at all three time points. Lamtor3 and Lamtor4 are essentially roadblock domain-only subunits ( Figure 1A ). Lamtor3 was well protected throughout, and Lamtor4 protected except for the first 12 amino acids ( Figure 1C ). Most of the N-terminal 80 amino acids of Lamtor5 exchanged rapidly, consistent with intrinsic disorder, while the C-terminal roadblock domain was well protected ( Figure 1C ). These observations are consistent with the boundaries of the previously crystallized portions of Lamtor3 and Lamtor5 (Garcia-Saez et al., 2011; Kurzbauer et al., 2004; Lunin et al., 2004) . Lamtor1 is the only non-roadblock subunit of Ragulator ( Figure 1A ). The N-terminal 100 and C-terminal 15 amino acid residues of Lamtor1 exchanged quickly, with residues 100-150 protected to varying degrees. Residues 123-149 were the most protected ( Figure 1C) ; these largely correspond to residues of yeast Ego1 that were ordered in the previously crystallized Ego1-2-3 complex (Powis et al., 2015) . Thus these data are in accord with the pre-existing structural data where available, as well as internally consistent across various time points. We placed high confidence in these results and used them to design Lamtor1 and Lamtor5 truncation constructs for the crystallization of the ordered core of Ragulator.
Crystal Structure of Ragulator
The structure of the ordered core of Ragulator was determined at 1.43 Å resolution by molecular replacement with the previously solved substructures (Figures 2A, S1 , and S2; Table 1 ). The structure is roughly a V-shaped slab with 65 Å -long and 35 Å thick edges ( Figure 2B ). The structure consists of the roadblock domain heterodimers of Lamtor4-Lamtor5 and Lamtor2-Lamtor3, which are stacked upon each other at an angle in head-to-tail fashion and cradled within the enveloping arch of Lamtor1. The Lamtor2-Lamtor3 dimer assembles via antiparallel contacts between helices a2 from both subunits and the formation of a continuous b sheet through both subunits via antiparallel hydrogen bonding between the two b1 strands ( Figure 2C ), as seen in the isolated Lamtor2-Lamtor3 structure (Lunin et al., 2004; Kurzbauer et al., 2004) (Figure 2C ). The Lamtor4-Lamtor5 dimer is similarly held together by antiparallel a2-helical contacts and a shared b sheet ( Figure 2C ). The roadblock domain dimer interfaces are extensive, consisting of 1,281 and 1,006 Å 2 , respectively. Lamtor1 has a unique role in the complex as the only nonroadblock domain subunit. Lamtor1 contains three a helices but has no hydrophobic core of its own. Its helices a1, a2, and a3 and its extended regions are splayed out across the outer surfaces of all four of the other subunits. From N to C, Lamtor1 contacts Lamtor3, Lamtor4, Lamtor5, and Lamtor2, in turn. Contacts occur between Lamtor1-a1 and Lamtor3-a1 and a3, Lamtor1-a2 with Lamtor4-a1 and the outer face of the Lamtor4 b sheet, Lamtor1-a3 with Lamtor5-a1 and b sheet face, and the extended C terminus of Lamtor1 with Lamtor2-a1 and a3. The Lamtor1 binding sites of Lamtor2 and Lamtor3 are quasi-equivalent to one another, both being formed between the N-and C-terminal helices of the roadblock unit ( Figure 2D ). The Lamtor1 binding sites on Lamtor4 and Lamtor5 are also quasi-equivalent to each other in this case, formed between the N-terminal helix and the face of the b sheet ( Figure 2D ). The structure suggests that Lamtor1-a2 and Lamtor1-a3 essentially complete Lamtor4 and Lamtor5, respectively, turning them into type II roadblock domains like Lamtor2 and Lamtor3. The latter interfaces provide more scope for a broad binding surface; thus the interfacial area is nearly twice as large as the interface with Lamtor2-Lamtor3. The Lamtor1 contacts bury 950 Å 2 and 1,892 Å 2 , respectively, in interfaces with the Lamtor2-Lamtor3 and Lamtor4-Lamtor5 dimers. The large amount of buried surface area seems undoubtedly critical to the folding of Lamtor1 and to the stability of the overall complex. The longest helix of Lamtor1, a3, packs against Lamtor5 and consists of residues 125-146, corresponding generally to the geometry of the yeast Ego1-2 subcomplex (Powis et al., 2015) ( Figure 2E ). This region also agrees closely with its most protected region in the HDX experiments. In contrast, the interactions of Lamtor1 with Lamtor3/4 have no counterpart in the yeast Ego1-2-3 crystal structure. Lamtor1 Leu99 and Trp102 anchor Lamtor1 a1 to the groove between Lamtor3 a1 and a3. Lamtor3 contributes Leu5, Phe8, Pro112, and Leu113 to this site ( Figure 3A ). Lamtor1 makes a more complex set of interactions with Lamtor4. The more N-terminal portion of the Lamtor4-binding site on Lamtor1 has an extended conformation and contacts first Lamtor4 a2 before wedging itself into the gap where Lamtor4 strands b3 and b4 splay apart. Lamtor1 Leu108 and Leu111 are the major anchors for this section ( Figure 3B ). Lamtor1 a2 and a few C-terminal residues thereafter then bind to the outer face of the Lamtor4 b sheet. Here, Lamtor1 Leu119 is the major hydrophobic anchor, while His116 hydrogen bonds with a main-chain carbonyl from Lamtor4 a1 ( Figure 3C ).
The interface between the two roadblock dimers involves 1,206 Å 2 . Most of this interface is contributed by the binding of Lamtor5 to both subunits of the Lamtor2-Lamtor3 dimer. In contrast, Lamtor4 makes limited interactions with the Lamtor3, mainly via Phe53 of Lamtor4 a2 ( Figure 3D ), and Lamtor4 has no direct contact with Lamtor2. Lamtor5 inserts a wedge formed by roadblock strands b1 and b2, and the b1-b2 turn, into the crevice between the a3 helices of Lamtor2/3. Lamtor5 b2 makes prominent hydrophobic contacts via its Leu111 and Leu113 side chains ( Figure 3E ). Lamtor5 Gln109 projects from the b1-b2 turn and participates in a hydrogen bonding network with the side chains of Lamtor2 Lys105 and Lamtor3 Tyr74, Gln79, and Thr100 and the main-chain of Lamtor3 Ser96, which is part of a 3 10 -helical turn ( Figure 3F ). Lamtor5 a2 also makes a number of contacts with Lamtor3 a3, centered on the hydrophobic interaction between Lamtor3 Leu102 and Lamtor5 Val129 ( Figure 3G ). Overall, the complex is tightly held together from within by the nexus of Lamtor5 at the tip of the V, and from without by the encirclement of all of the other subunits by Lamtor1. In contrast, the relative lack of interactions between Lamtor3 and Lamtor4 at the open end of the V, and the loosely anchored Lamtor1 connector region Lys104-Pro107 across the gap ( Figure 3H ), appears to leave room for some overall subunit motions in the structure.
RagA/C Binding Sites of Ragulator
In order to map the location of the RagA/C binding sites on Ragulator, we purified the active Rag dimer RagA Q66L-GTP and RagC D181N-XDP . HDX-MS data were collected for three time points in the presence of active RagA/C dimer and compared to spectra for Ragulator obtained in its absence. The difference heatmaps for Lamtor1 and Lamtor3-5 are shown in Figure 4A , with inadequate peptide coverage limiting analysis of Lamtor2. Moderate protection of up to 10% was observed for Lamtor3 residues 55-74, corresponding to the a2-b3 region. This region is involved in heterodimerization with Lamtor2 and forms part of a broad, solvent-exposed surface ( Figure 4B ). We concluded that this surface of the Ragulator core binds to RagA/C. The greatest increase in protection, a remarkable and highly significant 50% at the 10 s time point, was observed for residues 61-70 of the N-terminal IDR of Lamtor1. Despite its disorder in the context of the Ragulator structure, this region is one of the most highly conserved in Lamtor1, with a number of residues identically conserved even in yeast Ego1 ( Figure S1 ). From this result, we conclude that the sequence 61-TASNIIDVSA-70 of Lamtor1 is centrally involved in binding to RagA/C. The first ordered residue of Lamtor1 in the Ragulator core structure is Ser97. This leads to the striking and unexpected conclusion that Ragulator binds RagA/C in a bipartite manner, combining interactions both with the Lamtor2/3 face of the ordered core and with a part of the Lamtor1 IDR that is separated from the core by a gap of 26 amino acids.
Electron Microscopy of the Ragulator-RagAC Complex
The structure of the RagA/C (RagA Q66L-GTP :RagC D181N-XDP ):
Ragulator complex was determined by negative stain EM ( Figures 5A, 5B , and S3). The structure converged on a resolution of 16.2 Å , allowing us to model the domain structure of the whole complex using the yeast Gtr1 GMPPNP -Gtr2 GDP structure (Jeong et al., 2012) to model the RagA/C dimer and our Ragulator crystal structure as starting points. The complex consists of a bi-lobed head structure with a platform supporting these ( Figure 5C ). The density is consistent with the double-headed architecture of the heterodimeric RagA/C structure on the basis of its homology to Gtr1-2 (Gong et al., 2011; Jeong et al., 2012) . The EM analysis is limited by the available resolution. At 16 Å , RagA and RagC appear to be essentially identical, and the assignment of RagA to one side and RagC to the other was ambiguous. On the basis of the report by de Araujo et al.
(2017), the assignment shown in Figure 5C was selected. In our structure, the Lamtor2/3 face of Ragulator is associated with the RagA/C density via the roadblock domains of RagA/ C. RagA/C interactions are principally with the Lamtor2 side of the Lamtor2/3 face, although the docked model also predicts that side chains of Lamtor3 a2 are close to those of the C-terminal helix of RagC. The EM density is clear, and the fit of Ragulator and RagA/C to the density is unambiguous. Moreover, the interaction observed with the Lamtor2/3 face is consistent with the HDX-MS data. The central and surprising observation from the EM is that core of Ragulator makes no direct contacts to the G-domains of RagA/C.
Inactive RagA G-Domain Dynamics Are Altered by Ragulator Given the remarkable and unexpected finding that the ordered core of Ragulator has no direct interactions with the RagA/C G-domains, we sought to probe whether there was any physical evidence for a Ragulator effect on the structure or dynamics of the G-domains. We prepared both ''active'' RagA Q66L-GTP :RagC D181N-XDP and ''inactive'' RagA Q66L-GDP :
RagC D181N-XTP dimers ( Figure S4 ) and obtained HDX-MS data in the presence and absence of Ragulator with excellent coverage ( Figure S5 ). We monitored the dynamics of the RagA and RagC P loop peptides, residues 13-28 and 72-87, respectively. RagA in the GTP state shows a single slowly exchanging molecular mass envelope in the presence or absence of Ragulator ( Figure 6A ). However, in the GDP state and in the absence of Ragulator, the P loop of RagA manifests two mass envelopes ( Figure 6A ). The second envelope corresponds to a more rapidly exchanging conformation which is uniquely associated with the GDP state. Upon addition of Ragulator, this conformation is completely suppressed. Thus, Ragulator depopulates the unique GDP-dependent fast-exchanging state of the RagA P loop, consistent with its proposed function as a GEF for RagA. This behavior is evident at 10 s to 1 min of exchange. By 5 min, the RagA 13-28 peptide has fully exchanged in all conditions ( Figure 6B ). Like RagA, RagC manifests a single slowly exchanging envelope in the GTP state. There is evidence for a trace population of a faster exchanging conformation, which is likely due to presence of trace amounts of XDP. In the GDP (XDP) state, a larger proportion of a rapidly exchanging envelope appears. In contrast to the situation with RagA, the presence of Ragulator has no effect on this peak. These data are consistent with a physical effect of Ragulator on the dynamics of the RagA G-domain.
DISCUSSION
Here we have visualized the completely assembled architecture of the five-subunit human Ragulator complex, a pivotal regulator of mTORC1 translocation to the lyososomal membrane. Atomic details were obtained for Ragulator itself, while insights into its complex with the RagA/C dimer are to some extent limited by the resolution of the EM reconstruction. Some aspects of the architecture could have been inferred from fragmentary structures of yeast and human Ragulator. The roadblock heterodimer of Lamtor2/3 assembles much as previously observed (Kurzbauer Lunin et al., 2004) , and the alignment of Lamtor1 with Lamtor2/5 could have been anticipated from the Ego1-2-3 complex (Powis et al., 2015) . Lamtor4/5 heterodimerize, as expected on the basis of the Lamtor2/3 structure. On the other hand, the overall V shape of the complex, with a loosely tethered opening between Lamtor3 and Lamtor4, was not anticipated. This is important, as the space left in the middle of the V could provide scope for molecular movements during regulation by V-ATPase 
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Lamtor 1 10s 1m 5m 10s 1m 5m 10s 1m 1   61   121   5  10  15  20  25  30  35  40  45  50  55  60   65  70  75  80  85  90  95  100  105  110  115  120   125  130  135  140  145  150  155  160  165  170 < -90% < -70% < -50% < -30% < -10% < 10% < 30% < 50% < 70% < 90% > 90% (B) HDX results from (A) were mapped onto the crystal structure, with the N terminus of Lamtor1 omitted because of its disorder in the crystal structure. Note that there is no MS coverage for Lamtor2. (Zoncu et al., 2011) , SLC38A9 , or other factors. This structure revealed how the Lamtor2/3 and Lamtor4/5 roadblock dimers assemble with one another, which is key to the overall organization of the complex. The interactions of the two N-terminal helices with Lamtor2/4, and the remarkable overall encirclement of the roadblock subunits 2-5 by Lamtor1, were described. Ragulator is reported to be a GEF for RagA (and B) (Bar-Peled et al., 2012) , a property considered central to its ability to form the active RagA GTP RagC GDP dimer and so recruit and activate
mTORC1. Yet HDX-MS and EM data both lead to the conclusion that the Ragulator core complex interacts directly only with the RagA/C roadblock dimer. There appears to be no direct contact between the Ragulator core and the G-domains of RagA/C. This lack of interaction between the GEF core scaffold and the G-domains is unusual. Numerous structures of small G protein:GEF complexes have been determined, including those of EF-Tu:EF-Ts (Kawashima et al., 1996; Wang et al., 1997 ), Ras:Sos (Boriack-Sjodin et al., 1998 , Arf1:Sec7 (Mossessova et al., 2003) , Rab5:Rabex5 (Delprato and Lambright, 2007) , and Ypt1:TRAPP (Cai et al., 2008) . In every case, extensive interactions of an ordered GEF structural scaffold collaborate with invasion of the nucleotide-binding site to destabilize GDP binding. Having observed that Ragulator radically departs from this theme, we investigated further whether Ragulator could induce physical changes in RagA. We found by HDX-MS that Ragulator selectively destabilizes the GDP-specific conformation of RagA, consistent with the expectation for a functional RagA GEF. The mechanism whereby this conformational shift occurs remains to be elucidated. The consensus function of the active RagA/C:Ragulator complex is to serve as a lysosomal recruitment platform for mTORC1, and our structure provides insights into how recruitment of mTORC1 by the RagA/C:Ragulator complex may occur. In particular, by sitting on the Lamtor2-3 platform in an ''upright'' position with its G domains facing the cytoplasm, the Rag heterodimer is ideally placed to capture mTORC1 molecules diffusing nearby. This upright, cytoplasm-facing configuration should be further aided by the intrinsically disordered, N-terminal lipidated region of Lamtor1, which further separates the Rags and the Ragulator ordered core from the lysosomal lipid bilayer. The overall footprint of the complex is 135 3 65 Å , which provides abundant room for targeting the 290 3 210 3 135 Å mTORC1 structure (Aylett et al., 2016; Bareti c et al., 2016; Yip et al., 2010) . Among the notable features of the exposed surface of this complex, Lamtor2 Phe64 protrudes as a highly solventaccessible finger, suggestive of a potential mTORC1 recruitment surface.
By pointing away from Ragulator, the Rag G-domains are also predicted to be highly accessible by their GAPs, Gator1 and FLCN Panchaud et al., 2013; Pé li-Gulli et al., 2015; Petit et al., 2013; Tsun et al., 2013) . The recent identification of Kicstor as a lysosome-scaffolding complex for Gator1 that is essential for mTORC1 inhibition (Peng et al., 2017; Wolfson et al., 2017) suggests that GTP hydrolysis by RagA/B occurs at the lysosomal surface. Although no structural information is currently available on the Kicstor:Gator1 supercomplex, one would predict that the GAP core of Gator1 (likely provided by the Longin domains of Nprl2 and Nprl3) is placed in an ideal orientation to make contact with the G-domain of RagA, so that their respective distances from the lysosomal membrane should match. In high amino acids, FLCN dissociates from the lysosomal surface and likely accesses the RagC G-domain from the cytoplasmic side (Pé li-Gulli et al., Petit et al., 2013; Tsun et al., 2013) . Thus, FLCN-stimulated GTP hydrolysis could also be aided by the exposed configuration of the Rag G-domains.
While the initial version of this manuscript was under review, Scheffzek and colleagues reported the crystal structure of Ragulator alone and bound to the roadblock domains of RagA/C (de Araujo et al., 2017) . The structure of Ragulator alone appears to be essentially the same as ours, reinforcing confidence in the accuracy of these structures. In the presence of the roadblock domains of RagA/C, Lamtor1 residues after 47 were found to be well ordered (de Araujo et al., 2017) , consistent with our observation of HDX protection for Lamtor1 residues 61-70 in the presence of RagA/C. Interacting residues, such as Lamtor1 Val148, mutated in this study reduce function, consistent with expectations from our structure. In spite of the limited resolution of the EM structure, the orientation deduced for the RagA/C dimer relative to Ragulator is very similar. Similar conclusions were drawn based on the two different approaches applied, EM reconstruction with a full-length active RagA/C dimer in this case, and crystallization with the RagA/C roadblock fragments in the other study (de Araujo et al., 2017) . The structural insights presented in these two studies will set the stage for a more detailed analysis of how the active Rag:Ragulator complex recruits and activates mTORC1, a central question at the heart of much current research into cellular metabolic regulation.
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Detailed methods are provided in the online version of this paper and include the following: 
